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Abstract: We report experimental observation of polari-
zation attractors in the form of vector dissipative solitons
from a carbon nanotube mode locked fiber laser. At a time
scale of 14–14,000 roundtrips, the typical polarization
locked vector solitons, and other appealing attractors are
shown. In addition, we observe the vector dissipative sol-
itons operated in dual-wavelength regime with central
wavelength of 1533 and 1557 nm which can be related to a
fixed point polarization attractor. The results unveiled
complex oscillatory behavior of dissipative solitons in the
polarization domain which may help understand laser
physics, nonlinear optics. The demonstrated work may
underpin a new type of high energy laser source leading to
possible applications in nanoparticle manipulation,
micromachining, spectroscopy etc.
Keywords: dissipative solitons; fiber laser; polarization
attractors.
1 Introduction
Ultrashort pulses generated from fiber lasers have attracted
tremendous attention of researchers and widely used in
many fields such as optical communication, spectroscopy,
biomedical imaging [1]. As a powerful tool, various atten-
tionshavebeen focusedon theperformance of ultrafastfiber
laser such as average power, peak power, pulse duration,
lasing wavelength and recently timing jitter. On the other
hand, the vectorial nature of the ultrashort pulses suggests
extra dimensionality of the pulse physical properties.
Typical vector soliton (VS), whose pulse shaping mecha-
nism resulting from the balance between dispersion and
nonlinearity, has been widely explored in ultrafast fiber
laser systems. These vector solitary waves usually contain
two mutually coupled orthogonal polarization components
with fixed, periodic evolved phase relationship or other
more complex oscillatory behavior when propagating in the
fiber. Recently there exists very intensive activities in 2D
material mode-locked fiber lasers generating optical soli-
tons [2–4]. VS can be now routinely generated from a
passively mode locked fiber laser using artificial absorber
rather thannonlinear polarization rotationmode lockerwith
dynamic polarizationpatterns including polarization locked
vector solitons (PLVSs) [5, 6], group velocity locked vector
solitons (GVLVSs) [7, 8], polarization rotation vector solitons
(PRVSs) [9, 10]. On the other hand, for a typical dissipative
soliton (DS) pulse, the balance among non-linearity and
dispersion, loss and gain is necessary to satisfy continuous
energy exchange with the environment along with the
redistribution of energy among different parts of soliton. By
optimizing the cavity properties such as spectral filtering,
nonlinearity and dispersion, wide range of profiles of
dissipative solitons can be observed, offering abundant
evolution of solitons. Due to the intrinsic nature of sup-
porting high energy, the vector dissipative soliton (VDS)
attracted much more attention since their appearance. It is
observed that the dynamic evolution of DS also appears to
be vectorial [11–14]. However, by far, the evolution of phase
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difference between the two polarization components and
degree of polarization (DOP) has been ignored leading no
correlation to polarization attractors.
Here attractor is defined as an asymptotic state demon-
strating theevolutionof stateofpolarization (SOP) atdifferent
time scales involving various mechanisms. Recently, it is
observed various types of attractors such as fixed point,
limited cycle, spiral attractors andso forth couldappear in the
polarization domain with the format of trajectories on the
surface of Poincare sphere exhibiting continuous variation of
the SOP [15–22]. Such behavior can be related with the laser
cavity anisotropy, gain and loss dynamics. It is therefore
fundamentally interesting to explore the vectorial properties
of DS, especially to the generation of polarization attractors.
In this paper, we report a systematic experimental
study of novel types of VDS in terms of polarization
attractors in a carbon nanotubemode lockedDS fiber laser.
Using a commercial polarimeter, we have successfully
presented VDS with locked and precessing SOP for both
single wavelength and dual wavelength DS on a time scale
of 14 to 14,000 roundtrips from 1 µs to 1 ms. The observed
attractors may contribute to more in-depth understanding
of nonlinear science, laser physics and underpin future
laser technologies with versatile polarization control.
2 Characterization of CNT-PVA film
and laser configuration
The preparation of saturable absorber (SA) has been
demonstrated detailed in the literature [23]. Single walled
CNTs possess higher transparency when irradiated by
higher optical power due to the excitonic transitions andhas
fast recovery time [24]. Owing to the optical saturable ab-
sorption of CNTs, self-started mode-locking can be readily
achieved at a pumppower of several tensmilliwatts.What is
more essential, randomly distributed CNTs in polymer ma-
trix facilitate the polarization independency of SA so that
support the VS generation in a mode locked fiber laser. The
CNT-SA was characterized by both nonlinear transmission
measurement and Raman spectroscopy as shown in
Figure 1. From Figure 1A, the modulation depth, saturable
intensity and non-saturable loss are 1.7%, 13.75 μJ/cm2 and
61.96% respectively. Raman spectrum of CNT film obtained
with the excitation light of 633 nm is indicated in Figure 1B.
The clear G-band can be the proof of the existence of carbon
atombecause the peak is caused by the in-plane vibration of
sp2-hybrization carbon. The split of G-band can be unam-
biguously attributed to the symmetry-breaking effects
related to the curvature of CNT [25]. The D-band is generally
used to measure the defect of CNT [26]. Apparently there
exists little disorder or defects indicating high quality CNT-
SA. The radial breathing mode (RBM) is used to character-
ized the nanotube diameter and chirality assignment [27].
We can assign the dominant diameters of our CNTs as 0.85,
0.96, 1.1, 1.25 nm and the range of diameter is about
0.77∼1.36 nm [28].
Figure 1(C) demonstrates the schematic configuration
of CNT-SA based passively mode locked fiber laser. 0.98 m
erbium doped fiber (EDF, OFS EDF 80) as gain medium
with a group velocity dispersion (GVD) of +66.1 ps2/km is
incorporated in the cavity with total length of 14.52 m. We
select 2 m dispersion compensation fiber (DCF) with a GVD
A B
Figure 1: Characterization of CNT-PVA film.
(A) Themeasured nonlinear transmission of
CNTs-PVA film. (B) Ramanspectrumof CNTs-
PVA film under the excitation of 633 nm. (C)
The schematic configuration of passively
mode-locked all-fiber laser based on CNT-
PVA film.
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of +163.96 ps2/km so that the laser can work in DS regime.
In addition, the rest of fiber is SMF with an anomalous
dispersion of −22 ps2/km. Consequently, the net dispersion
of the cavity is 0.139 ps2, which is clearly pronounced for
the DS generation. A 980 nm laser module (OV LINK) is
utilized to supply pump light for EDF through a 980/
1550 nm wavelength division multiplexer (WDM). Con-
nected with EDF is a 50:50 optical coupler. We implement
polarization controller (PC1) to tune the SOP in the cavity.
An additional in-line PC2 was also used to adjust polari-
zation of pump and optimize anisotropy in the cavity
caused by birefringence and polarization dependent los-
ses. The polarization independent isolator (ISO) possesses
the capacity to guarantee the pulse transmit in a unidi-
rectional manner. Besides, we laid an extra ISO outside the
cavity to eliminate any possible reflection from the light
existing out the cavity. The CNT-PVA film is incorporated in
the cavity using two standard fiber connectors to act as a
mode locker.
Pulse characteristics are identified by 8 GHz oscillo-
scope (KEYSIGHTDSO90804A) and 3.2 GHz signal analyzer
(SSA, 3032X) connected with 12.5 GHz photodetector
(Newport 818-BB-51F). Pulse duration of the pulses can be
identified by a commercial autocorrelator (FEMTO-
CHROME, FR-103WS). Optical spectrum can be observed
utilizing an optical spectrum analyzer (OSA, Yokogawa
AQ6370C) with a maximum resolution of 0.02 nm.
Furthermore, a commercial polarimeter (THORLABS,
IPM5300) is used to detect the SOP transition of the soliton
pulses with 1 μs resolution and 1024 sampling rate.
Consequently, 1 MH sampling rate is far less than the
fundamental frequency, leading to the trajectories pre-
sented on Poincare sphere are averaged results. An
external fiber attenuator was employed between the laser
and polarimeter in order to protect the detector within.
Furthermore, it is noted that the pulse duration is far less
than of the pulses interval, as a result, amplified sponta-
neous emission (ASE) will supply integral optical signal of
polarimeter during the pulse interval. As the DOP of ASE is
nearly zero, the integral DOP detected by photodetector
must be less than 100%.
3 Experimental results and
discussions
Under the pump power of 90 mW, self-started mode lock-
ing can be achieved straightforwardly because of the low
mode-locked threshold of the CNT SAs. By increasing the
pump power and appropriately adjusting PC in the cavity,
stable DS can be easily obtained under the pump power of
140 mW, which can be proved by the typical rectangular-
like optical spectrum with 7.11 nm spectral bandwidth
shown in Figure 2A. The radio frequency (RF) spectrum
over 3 GHz span with bandwidth of 1 kHz is shown in
Figure 2B, indicating our pulses are stable under this
operation regimes. The pulse train shown in inset is
measured by the oscilloscope giving the pulse period of
71 ns, corresponding to the repetition of 14.1 MHz. The
autocorrelation (AC) measurement results can be fitted
using Gaussian shape with pulse duration of 30.41 ps as
shown in Figure 2C. Figure 2D represents the averaged SOP
on the Poincare sphere within 1 ms in the form of a fixed
point. Figure 2E displays the output power of two orthog-
onal polarization components, giving stable evolving po-
wer. The reason that the power derived from polarimeter
A B C
E F
Figure 2: PLVDS generated under the pump
power of 140 mW. (A) Typical DS Optical
spectrum with resolution of 0.02 nm. (B) RF
spectrum over 3 GHz span. The inset shows
the pulse train visualized in oscilloscope.
(C) Measured AC trace (blue line) and fitting
AC trace (red line). (D) Normalized Stokes
parameters shown by Poincare sphere. (E)
Optical power of two cross-polarized SOPs.
(F) DOP and phase difference.
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measurement is much lower than real output is due to the
settled attenuator between laser output coupler and
polarimeter. Figure 2F shows clearly a fixed phase differ-
ence between two linear cross-polarized SOP, indicating
the soliton is polarization locked vector dissipative soliton
(PLVDS) caused by strong coupling between two crossed
SOP. The measured point attractor is clearly located near
the equator announcing the linear polarized light. How-
ever, this is due to the birefringence compensation through
the leading fiber to the polarimeter, the output laser light is
thus elliptical polarized. The stable SOP also indicates the
high DOP of the VDS over a fixed period of time. The size of
the trajectory on thePoincare spheremaybe larger than the
measured trace because of the averaged measurement.
However, we can qualitatively estimate whether the tra-
jectory isfixed point or not byDOP,whichmeans the size of
the trajectory covered area is inversely proportional to
DOP. Consequently, high DOP illustrates that SOP for this
case is evolving slowly and vice versa. This is because that
the cavity becomes more anisotropic when the SOP of
pump gets more elliptical, making the system approach a
steady state in the form of PLVDS corresponding to fixed
point shown on surface of Poincare sphere.
With the pump power increase to 180 mW, a standard
DS was observed again as shown in Figure 3. Figure 3A
shows the typical dissipative spectrum with tiny defect on
the top left corner. Under the pump power of 180 mW, the
bandwidth of spectrum is 8.87 nm, larger than that shown
in Figure 2 and lead to a higher single pulse energy. Such
spectral widening effect along pump power increase is a
typical feature of DS [29]. Figure 3B and C shows very
similar pulse characterization of RF spectrum, pulse train
and AC trace compared with Figure 2B and C. Figure 3D
demonstrates a semicircular trajectory, a complex oscilla-
tions accompanied by polarization jump between two
cross-polarized SOPs averaged over 14 pulses, which can
be corroborated by the corresponding defected optical
spectrum. This attractor demonstrates the switch between
two orthogonal SOP. Figure 3E represents strong anti-
phase dynamics of the two orthogonal components leading
to oscillated output power. The period of relaxation oscil-
lations shown in Figure 3E can be estimatedwith the rate of
relaxation for population inversion in EDF and round-trip
time [20]. Moreover, DOP and phase difference are shown
by Figure 3F. Apparently, the phase between two cross-
polarized SOP switches between −3π/4 and π/4 and the
phase difference jumps at the position of very low DOP.
Such intensity relaxation oscillation was previously
observed in a VS laser with spiral polarization attractor
[20]. For a spiral polarization attractor, relaxation oscilla-
tion was observed in both crossed SOP. We can therefore
define a new type attractor here that only one of the cross-
polarized SOPs exhibits power relaxation oscillations.
Further increasing the pump power to 190 mW and
slightly adjusting PC, we obtain the DS optical spectrum
without defect appeared in Figure 4A. RF spectrum, oscil-
loscope image and AC trace are shown in Figure 4B and C.
Figure 4D illustrates an irregular trajectory on the Poincare
sphere, which is similar to the trace shown in Figure 3D.
However, most of the pulses appear to be localized within
the two points at the equator of the Poincare sphere. Anti-
phase dynamics of orthogonal electric fields result in quasi
stable CW total output power. The periodicity of the
switching and the unbalanced residence time of two
orthogonal SOP shown in Figure 4E and F indicates the
existence of polarization instability which can be expli-
cated by polarization hole burning and pumping anisot-
ropy. This means that pump light creates an orientational
distribution of the population inversion and elliptical
polarized pump light can produce cavity anisotropy. The
A B C
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Figure 3: PLVDS with slowly evolving state of
polarization under the pump power of
180 mW. (A) Typical DS Optical spectrum.
(B) RF spectrum over 3 GHz span. The inset
shows the pulse train visualized in
oscilloscope. (C) Measured AC trace (blue
line) and fitting AC trace (red line). (D)
Normalized Stokes parameters shown by
Poincare sphere. (E) Optical power of
orthogonal component. (F) DOP and phase
difference.
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depth of a polarization hole strongly depends on the phase
difference, resulting in coherent coupling of the two
crossed SOP of solitons through gain sharing. Also, the
depth is proportional to the lasing power, so the periodic
oscillation of output power induces the periodic modula-
tion of anisotropy of gain medium in the cavity.
When pump power increased up to 230 mW, we can
obtain dual-wavelength operation with optical spectrum
centered at 1557 and 1533 nm with the bandwidth of
3.2 and 9.2 nm respectively as shown in Figure 5A. Further
increase the pump power to 300 mW, yielding the blue-
shift of center wavelength of optical spectrum with
bandwidth of 4.9 nm shown in Figure 5D. This is because
the gain of EDF is proportional to the emission cross
section when most of the population in the ground state
are inverted to the upper state under the high optical
power. Moreover, emission cross section for 1530 nm is
higher than that for 1550 nm, which induces the evolution
of gain of EDF with increasing the optical power. CW in
Figure 5D can be explained by the incomplete population
inversion depletion through soliton pulses in each
roundtrip. Unfortunately, no more other attractors can be
found under the two operation regimes except for the
PLVDSs owing to the strong coupling between two
crossed SOP under the high optical power, corresponding
to the fixed polarization attractor on the Poincare sphere
shown in Figure 5B and E.
4 Conclusion
To the best of our knowledge, we firstly observe various
types of attractors from the dimensionality of polarization
in VDS regime from a CNTs mode-locked fiber laser on a
time scale of 14–14,000 roundtrips, which demonstrate
the coherent coupling between two orthogonal SOPs. We
optimize cavity anisotropy through the cavity birefrin-
gence and pump light polarization state, bringing about
the appearance of peculiar attractors. Except for the ob-
tained standard PLVDS that indicates DS can work in a
A B C
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Figure 4: PLVDS with slowly evolving state of
polarization under the pump power of
190 mW. (A) Typical DS Optical spectrum.
(B) RF spectrum over 3 GHz span. The inset
shows the pulse train visualized in
oscilloscope. (C) Measured AC trace (blue
line) and fitting AC trace (red line). (D)
Normalized Stokes parameters shown by
Poincare sphere. (E) Optical power of
orthogonal component. (F) DOP and phase
difference.
A C
D F
Figure 5: (A) and (D) Optical spectra of PLVDS
under fixed pumppower of 230 and 300mW
respectively. (B) and (E) PLVDSs shown on
the Poincare sphere. (C) and (F) DOP and
phase difference.
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stable state, quasi-stable state can be also observed when
SOP is in the form of periodic modulation of output power
and can be proved by the unequal residence time of the
two orthogonal crossed SOPs caused by polarization hole
burning and pumping anisotropy. A distinct polarization
attractor with power relaxation from only one of the
orthogonal SOP has been observed for the first time. Fixed
point polarization attractors have also been observed in
the dual wavelength VDS regime as well. The absence of
other dynamic polarization attractor under the dual
wavelength VDS regimes is attributed to the increase of
degree of coupling between two orthogonal SOPs. It is
noted that other type of attractor such as limit cycle can be
also observed. From the experimental results, we can
observe that when optical spectrum, RF, ACF and pulse
trains are stable, the SOP may not be. We experimentally
confirmed that polarization is an extra dimension of the
physical properties of ultrashort pulses in the DS regime
which can lead to polarization attractors. The polarization
attractors can be observed in the VDS regime. Without
external perturbation, each type of obtained polarization
attractors is stable and can be reproduced. The presented
work may guide us to understand nonlinear dynamics in
nanomaterials-based lasers and fundamental physics in
the dissipative system, which may provide the possibility
to explore a novel type of high energy ultrashort pulse
lasers for the applications of spectroscopy [30], laser
machining [31], nano particle manipulation [32] and val-
leytronics [33] etc. In the future, polarimeter with higher
timing resolution that equals to the roundtrip time is
required to interpret pulse to pulse dynamics more
accurately.
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